The plant metal tolerance protein family (MTP) includes 12 members that have been classified into three phylogenetically different subgroups -Zn-cation diffusion facilitator (CDF), Fe/Zn-CDF and Mn-CDF -based on their putative metal specificity. To date, only members belonging to the Zn-CDF or Mn-CDF group have been characterized functionally. The plant Fe/Zn-CDF subgroup includes two proteins, MTP6 and MTP7, but their function and metal specificity have not been confirmed. In this study we showed that cucumber CsMTP7 is a highly specific mitochondrial Fe importer that is able to confer yeast tolerance to Fe excess through increased accumulation of Fe in the mitochondria. We also demonstrated that CsMTP7 contributes to the increased accumulation of Fe in the mitochondria of Arabidopsis thaliana protoplasts. The transcripts and mitochondrial levels of CsMTP7 and ferritin -the iron-storing protein -are significantly increased in cucumber roots in response to Fe excess. This finding suggests that CsMTP7 and ferritin work in concert to accumulate Fe in plant mitochondria. As genes that encode orthologous proteins have been identified in phylogenetically distant organisms, including Archaea, cyanobacteria, humans and plants, but not in yeast, we concluded that the MTP7-mediated mitochondrial Fe accumulation may be conserved in the species, and express mitochondrial ferritin for mitochondrial Fe storage.
INTRODUCTION
Fe is required for the biosynthesis and activity of many important cellular compounds including chlorophyll, ironsulfur clusters (ISC), heme and iron-containing heme (cytochromes, haemoglobin), and non-heme (ferredoxin) proteins, as the sufficient supply of Fe is essential for all living organisms Marschner, 1995; Beinert et al., 1997) . Nevertheless, due to high redox activity, intracellular Fe levels must be tightly controlled. As nonmobile organisms, plants are constantly exposed to various environmental constraints including Fe deficiency or Fe excess. To cope with insufficient Fe uptake or with excess Fe accumulation in the cytosol, plants have developed multiple mechanisms that enable them to acquire Fe efficiently from the soil solution and store the metal in non-toxic forms that can be remobilized under Fe deficiency. These mechanisms include a range of the membrane transporters, chelators and chaperones that work in concert to maintain intracellular Fe homeostasis.
Dicotyledonous plants acquire Fe from the soil through the multispecific plasma membrane iron-regulated transporter 1 (IRT1), following the reduction of Fe 3+ to Fe 2+ by ferric-chelate reductase FRO2 at the root surface (Eide et al., 1996; Yi and Guerinot, 1996; Robinson et al., 1999; Vert et al., 2002) . The expression of IRT1 is significantly increased under Fe deficiency to maintain sufficient Fe content and to ensure plant growth (Eide et al., 1996) . Once inside the cell, Fe can be delivered and stored into the three intracellular compartments: vacuoles, plastids and mitochondria. Vacuoles occupy much of the volume of the plant cell and therefore can sequester higher amounts of various compounds including Fe. Fe accumulation in the vacuole is mediated by the vacuolar iron transporter VIT1 and ferroportin IREG2/FPN2 (Kim et al., 2006; Momonoi et al., 2009; Morrissey and Guerinot, 2009; Zhang et al., 2012) . The VIT1-mediated sequestration of Fe in the vacuoles of Arabidopsis thaliana cells is critical for the proper distribution of Fe in the embryo and the viability of seedlings under low-Fe conditions (Kim et al., 2006) . Orthologous proteins from rice (OsVIT1 and OsVIT2) and tulip (TgVIT1) have been shown to catalyze Fe importation into the vacuoles of leaves and perianth, respectively (Momonoi et al., 2009; Zhang et al., 2012) . IREG2/FPN2 is capable of Ni 2+ and Co 2+ transport (Schaaf et al., 2006; Morrissey and Guerinot, 2009) . Similarly to IRT1, IREG2/FPN2 expression is increased under Fe deficiency to enhance vacuolar sequestration of Ni 2+ and Co 2+ that accumulate within the cells due to the increased activity of IRT1 (Vert et al., 2002; Schaaf et al., 2006; Morrissey and Guerinot, 2009 ). In addition to vacuoles, Fe is stored in large amounts in the chloroplasts of plant cells. Fe transportation into chloroplasts is catalyzed by the chloroplast iron importing permease PIC1, which has a cyanobacterial origin (Duy et al., 2007) . The function of PIC1 is essential for plant growth and development (Duy et al., 2007) . Within the chloroplasts, Fe is incorporated into Fe-containing proteins involved in photosynthetic reactions and stored in protein complexes, such as ferritin and frataxin. Ferritins are the major iron-storing proteins in all species except yeast (Andrews et al., 2003; Briat et al., 2006; Arosio et al., 2009) . They form cage-like structures able to bind and release approximately 4500 Fe 3+ ions in a finely controlled fashion (Arosio et al., 2009; Briat et al., 2010) . Frataxin is a conserved iron chaperone involved in the delivery of Fe for heme biosynthesis and for ISC assembly (Babcock et al., 1997; Corsi et al., 2002; Turowski et al., 2015) . Yeast frataxin monomers can self-assemble in vitro in the presence of Fe
2+
, yielding ferritin-like particles of 24 or 48 subunits with physical features that are consistent with a role in Fe storage (Gakh et al., 2002) .
Similarly to chloroplasts, mitochondria require Fe as an essential cofactor for many Fe-containing proteins involved in the electron transport chain. Until recently, the function of mitochondria in Fe storage has been unclear. It has been assumed that in plant cells ferritins are exclusively targeted to non-green plastids, or to chloroplasts under stress conditions Fobis-Loisy et al., 1995) . However, recent studies have revealed that ferritin is also present in the mitochondria of plant cells. To date, mitochondrial ferritin has been identified in pea, Arabidopsis and cucumber (Zancani et al., 2004; Tarantino et al., 2010; Vigani et al., 2013) . Arabidopsis and cucumber ferritins are highly abundant in mitochondria under elevated Fe levels, suggesting an involvement of plant mitochondria in an increased storage of Fe-ferritin complexes during Fe excess and/or the protective role of mitochondrial ferritin against Fe toxicity (Tarantino et al., 2010; Vigani et al., 2013) . In addition to ferritin, mitochondrial frataxin has also been implicated in Fe storage and control of Fe homeostasis in the mitochondrial matrix (Babcock et al., 1997; Corsi et al., 2002) .
The accumulation of Fe in the mitochondria for storage implicates the presence of some Fe-exporting proteins in the mitochondrial membrane that could release stored Fe. It has been already shown in mammals and yeast that Fe may exit the mitochondria in a few forms: as heme, as Fe-S clusters, or as Fe 2+ ions. As plants cells may synthesize heme exclusively in plastids, and then export it to the cytosol and mitochondria (Van Lis et al., 2005; Mochizuki et al., 2010) , it is assumed that heme exporters may be absent in plant cell mitochondria (Jain and Connolly, 2013 (Kispal et al., 1997 (Kispal et al., , 1999 Kushnir et al., 2001; Chen et al., 2007) . The putative mitochondrial Fe 2+ exporters MMT1 and MMT2 have also been characterized in yeast (Li et al., 2014) , however the function of orthologous proteins in plants has not yet been studied as far as we know. The function of plant mitochondria as Fe reservoirs implies that these organelles are able to import high amounts of Fe from the cytosol into the mitochondrial matrix. So far, only one membrane protein involved in the import of Fe from the cytosol to the mitochondria -the rice mitochondrial iron importing permease MIT -has been characterized in plants (Bashir et al., 2011) . Homologous proteins have already been found in yeast (Mrs3, Mrs4) (Li and Kaplan, 2004) , mouse (Paradkar et al., 2009) , Drosophila (Metzendorf and Lind, 2010) and zebrafish (Shaw et al., 2006) , indicating that the passive transport of Fe into mitochondria is common to different species. MIT is essential for rice plants, as the homozygous knockout of MIT results in an embryo lethal phenotype (Bashir et al., 2011) . MIT expression in rice roots and shoots is increased under Fe excess and decreased under Fe deficiency, indicating that Fe affects MIT activity and mitochondrial Fe accumulation at the transcriptional level (Bashir et al., 2011) . Interestingly, the studies of the homologous proteins Mrs3 and Mrs4 in yeast have revealed that mitochondrial permeases are high-affinity Fe transporters that are essential for yeast growth under Fe-limiting conditions (Foury and Roganti, 2002) . Under sufficient Fe levels, a significant amount of Fe was imported into the mitochondria of the mrs3mrs4 mutant, indicating that mitochondrial solute carriers are not the only transport systems for mitochondrial Fe loading and that, additional, low-affinity transport systems may be involved in the increased accumulation of Fe in the mitochondria under high Fe levels (M€ uhlenhoff et al., 2003) , however no such transporters have yet been identified.
The cation diffusion facilitator (CDF) family comprises divalent heavy metal cation transporters that are ubiquitous in all kingdoms of life. Members of this family have been classified into three phylogenetically different subgroups -Zn-CDF, Fe/Zn-CDF and Mn-CDF -based on their confirmed or putative metal specificity Gustin et al., 2011) . The Fe/Zn-CDF subgroup includes bacteria (EcYiiP) and yeast (ScMMT1 and ScMMT2) proteins that have been shown to transport Fe (Grunberg et al., 2001; Munkelt et al., 2004; Grass et al., 2005; Li et al., 2014) . These homologous proteins in plants are designated metal tolerance proteins 6 (MTP6) and 7 (MTP7) and are classified into the groups 6 and 7, respectively, of plant Fe/Zn-CDFs (Gustin et al., 2011) , but their function and metal specificity have not yet been confirmed. We have previously identified a single gene that encodes MTP7 protein in the cucumber genome (Migocka et al., 2014) . Here we show that CsMTP7 is a mitochondrial transporter involved in the increased Fe accumulation in mitochondria. Our results confirmed that root mitochondria are able to accumulate and store Fe under Fe excess and suggest that the function of cucumber MTP7 protein is tightly linked to ferritin and the mitochondrial Fe storage.
RESULTS

Sequence and expression analysis of CsMTP7
We have previously identified one gene that encoded a protein bearing a close similarity to A. thaliana MTP7 (AtMTP7) by in silico analysis of the genomes of Chinese long cucumbers (acc. no. ACHR01005111) and Borszczagowski cucumbers (acc. no. ACYN01001432) (Migocka et al., 2014) . Based on the FGENESH prediction, the genomic sequence of CsMTP7 contains 14 exons and 13 introns ( Figure 1a ) and encodes a putative protein of 521 amino acids in length, with a calculated molecular mass of 57.71 kDa. Amino acid sequence analysis revealed that CsMTP7 has five strong transmembrane helices (TMHs) and contains a putative mitochondrial targeting peptide that resides in the first 1-32 (Mitoprot II) or 1-75 (TargetP) N-terminal residues (Figure 1b ). In addition, CsMTP7 contains two characteristic motifs that are possibly involved in metal binding and/or transport Barber-Zucker et al., 2017) : HSVAD (with conservative histidine and glutamate residues underlined) in the putative TMH II and EDGAA (with conservative glutamate and aspartate residues underlined) in the in the putative TMH IV (Figure 1b) . Similar motifs are present in the human protein ZnT9 (representing the ZnT9 cluster), whereas members of group 6 of the Fe/Zn-CDF subgroup contain typical DD-HD (YiiP from E. coli) and HD-HD (ScMMT1 from yeast, CsMTP6 from cucumber) motifs ( Figure S1 ). In the predicted membrane topology model of CsMTP7, the HSVAD and EDGAA motifs are localized at the surface of the mitochondrial internal membrane and face the intermembrane space (Figure 1b) .
To determine the function of CsMTP7, we cloned transcript cDNA from total root RNA using RT-PCR. Two alternative gene transcripts were cloned: one variant (lCsMTP7) with a retained intron between exon 1 and exon 2 resulting in nonsense-mediated mRNA decay, and one variant (sCsMTP7) without introns, which was identical to the protein-encoding cDNA sequence generated in silico (Figure 1a) . In order to determine whether both transcripts are present in other cucumber organs and to quantify their levels, we performed real-time PCR expression analysis in cucumber roots, hypocotyls, leaf petioles and leaves using two different specific forward primers that allowed the amplification of either the spliced sCsMTP7 transcript or the intron-containing lCsMTP7 mRNA ( Figure S2 ). As shown in Figure 2 (a), both transcripts were clearly detectable in all cucumber organs, but the level of lCsMTP7 mRNA was approximately six-fold higher in roots, hypocotyls, petioles and leaves when compared with sCsMTP7 mRNA. These results suggested that the non-protein-coding lCsMTP7 is a prevalent form of CsMTP7 transcript in all organs of cucumbers growing under control conditions. The question arises why the unspliced variant of the CsMTP7 transcript is constitutively expressed and maintained in cucumber tissues. The possible explanation for the presence of two different CsMTP7 transcripts in cucumber tissues is that CsMTP7 is post-transcriptionally modified to ensure rapid adjustment of protein activity to certain environmental conditions. As plant MTP7 proteins have been classified as putative Fe/Zn transporters (Gustin et al., 2011) , we assumed that the CsMTP7 transcripts could be affected by changes in cellular Fe or Zn homeostasis. To test this hypothesis, we analyzed the levels of sCsMTP7 and lCsMTP7 transcripts in the roots of cucumbers grown under different Fe and Zn availability as well as under the excess of other heavy metals, such as Mn, Ni, Co or Cd, which also serve as substrates of plant MTP transporters (Persans et al., 2001; Delhaize et al., 2003 Delhaize et al., , 2007 Arrivault et al., 2006; Peiter et al., 2007; Yuan et al., 2012; Menguer et al., 2013; Migocka et al., 2014 Migocka et al., , 2015a Pedas et al., 2014) . As shown in Figure 2 (b), the sCsMTP7 mRNA/lCsMTP7 mRNA ratio was significantly altered depending on the external Fe level. The lCsMTP7 transcript was clearly detectable and not affected by different Fe availability, whereas the protein-coding sCsMTP7 transcript was barely detected under Fe deficiency and considerably increased under 500 lM Fe (Figure 2b ). Neither Zn excess or deficiency nor elevated concentrations of the other metals significantly affected the root sCsMTP7 mRNA/lCsMTP7 mRNA ratio ( Figure 2b ). In order to determine how rapidly the sCsMTP7 level is increased upon high Fe, we measured the changes in sCsMTP7 and lCsMTP7 expression during the first hour of plant treatment. As shown in the Figure 2 (c), the 3-to 4-fold increase in sCsMTP7 mRNA level was observed as early as 15 min following Fe supply and was maintained even after 1 h of treatment, indicating rapid, protein-independent up-regulation of sCsMTP7 mRNA by Fe. In contrast, the lCsMTP7 mRNA was decreased within 30-45 min of treatment and increased back to the level detected in control conditions following 60 min of treatment ( Figure 2c ). These results suggest that the Fe-mediated sCsMTP7 mRNA synthesis can result from the rapid post-transcriptional splicing of lCsMTP7 mRNA under Fe excess.
Mitochondrial localization and tissue distribution of CsMTP7
Sequence analysis of the CsMTP7 open reading frame by MitoProt II and Target revealed the presence of a putative mitochondrial localization signals at the N terminus of the protein (Figure 1b ). To confirm this prediction, we expressed a fluorescently tagged CsMTP7 in plant protoplasts to determine the localization of CsMTP7-green fluorescent protein (GFP) in vivo. Mitochondria were visualized using a vital dye, MitoTracker Red. As shown in the Figure 3 (a-d), the fluorescence of CsMTP7-GFP fusion protein clearly overlaps the regions stained with MitoTracker in protoplasts, revealing that CsMTP7 localizes to mitochondria of the Arabidopsis cells. To further confirm the subcellular localization of CsMTP7 in cucumber cells, we performed immunolocalization of CsMTP7 in different membrane fractions prepared from cucumber roots using a specific anti-CsMTP7 antibody. Western blot analysis of the mitochondrial fractions revealed a single immunoreactive band of $ 35 kDa that was lower than expected ( Figure 3e ). However, no immunoreactive bands were detected for the other subcellular fractions of cucumber cells, including plastids, vacuolar membranes or plasma membranes ( Figure 3e ). These findings indicate that CsMTP7 localizes to the mitochondria of cucumber cells and strongly suggest that cucumber protein undergoes some kind of posttranslational modification that affects its electrophoretic mobility during SDS-PAGE, including the cleavage of the mitochondrial targeting peptide after protein import into mitochondria. In order to further determine the pattern of tissue distribution of CsMTP7, cross sections of two developmental zones of cucumber roots were examined by immunofluorescence microscopy with the same anti-CsMTP7 antibody. As shown in Figure 3 , CsMTP7 was differentially distributed in the apical meristem and maturation zone of cucumber roots. The protein was clearly detectable in all the cell layers of the meristematic zone (Figure 3f (c) The expression of CsMTP7 in the roots of 2-week-old cucumber seedlings growing in 0.5 mM Fe for 1 h. Real-time expression analyses were performed on cDNA prepared from the organs collected from four plants. Bars represent average CsMTP7 transcript levels relative to the constitutively expressed reference gene CACS calculated from the arithmetic means of DCp values obtained in three independent experiments. Different letters indicate statistically significant differences (P < 0.05; one-way ANOVA with Tukey's correction) between the transcript levels measured in control conditions and under Fe excess (a, b), or between the expression of sCsMTP7 and lCsMTP7 (c).
Effect of CsMTP7 expression on the metal-sensitive phenotypes of yeast mutants
In order to determine the target metal substrate of CsMTP7, the gene encoding cucumber protein was expressed in yeast mutants sensitive to different heavy metals (Cd, Fe, Mn, Ni, Co) . As shown in Figure 4 the expression of CsMTP7 in the Dmrs3Dmrs4 strain did not restore the growth of the mutant in low-Fe medium. The lack of complementation by CsMTP7 of the function of MRS3 and MRS4 in the mitochondrial import of Fe suggests that CsMTP7 supplies mitochondria of yeast cells with Fe only under high Fe concentrations and therefore functions as a low-affinity mitochondrial Fe importer.
Effect of CsMTP7 expression on the cytosolic and mitochondrial Fe content of Dccc1 cells and A. thaliana protoplasts
To confirm the role of CsMTP7 in mitochondrial Fe import we measured the cytosolic and mitochondrial Fe content in yeast deficient in vacuolar Fe loading (Dccc1). The cytosolic Fe level was assayed based on the activity of the bacterial Fe-dependent enzyme c-GDO. c-GDO activity has already been used to determine the cytosolic Fe levels in Dccc1 (Li et al., 2014) . A deletion of CCC1 in wild type yeast resulted in increased cytosolic Fe due to the impaired loading of Fe into the vacuole (Li et al., 2014) . The plasmids carrying cGDO-FLAG and CsMTP7-GFP were transformed into the wild type and Dccc1 cells, and the expression of both proteins in yeast was confirmed by western blot (Figure 5a ). As shown in the Figure S3 , the major immunoreactive band for the yeast mitochondrial CsMTP7 had apparent molecular mass slightly less than 70 kDa and was similar to that calculated for GFPtagged CsMTP7 (~62 kDa: 27 kDa for GFP + 35 kDa for CsMTP7). c-GDO activity in the yeast transformed with CsMTP7 was significantly reduced when compared with the yeast transformed with the empty vector, indicating that CsMTP7 expression in yeast resulted in decreased cytosolic Fe levels ( Figure 5b ). In contrast, the mitochondrial Fe content was markedly increased in the cells expressing CsMTP7 when compared with the cells transformed with an empty vector (Figure 5c ). These results indicated that CsMTP7 affects the cytosolic/mitochondrial ratio of Fe in yeast cells through Fe transport from the cytosol into the mitochondria. To determine the ability of CsMTP7 to transport other metal ions, we measured the levels of Zn, Cd, Mn and Co in the mitochondria of yeast expressing CsMTP7. Contrary to Fe, the mitochondrial content of the other metals was not affected by CsMTP7 expression, indicating that CsMTP7 is highly specific for Fe ( Figure S4 ).
The similar pattern of CsMTP7 localization in plants and yeast suggests that CsMTP7 could function as a mitochondrial Fe importer also in plant cells. To verify the functionality of cucumber protein in plants, we measured the cytosolic and mitochondrial Fe contents in A. thaliana protoplasts transformed with CsMTP7-GFP and c-GDO. The plasmids carrying cGDO-FLAG and CsMTP7-GFP were transformed into protoplasts, and the expression of both proteins was confirmed by western blot (Figure 6a,c) . As shown in Figure 6 (b), Fe content in the mitochondria containing CsMTP7-GFP was almost three-fold higher when compared with the mitochondria prepared from protoplasts transformed with an empty vector. In contrast, the c-GDO activity in the same protoplasts was significantly reduced (Figure 6d ), indicating that CsMTP7 activity in plant cells results in a decreased cytosolic Fe content. Taken together, the data obtained from yeast and A. thaliana protoplasts clearly suggested that CsMTP7 contributes to mitochondrial Fe loading.
Effect of different Fe availability on the mitochondrial levels of CsMTP7, ferritin and Fe Previous studies have revealed that mitochondrial Fe content and mitochondrial ferritin are reduced or markedly increased in cucumber roots grown under Fe deficiency or upon 10-day-long Fe excess, respectively, indicating that root mitochondria are capable of accumulating excessive Fe under long-term Fe supplementation (Vigani et al., 2013) . The level of sCsMTP7 transcript was rapidly increased under Fe excess and was still elevated after 24-h treatment, suggesting that CsMTP7 protein can accumulate in root mitochondria and contribute to the mitochondrial Fe loading within the 24 h of Fe supplementation. In order to test this hypothesis and confirm the function of CsMTP7 in mitochondrial Fe import, we measured the mitochondrial levels of CsMTP7, ferritin and Fe in the roots of cucumbers growing under Fe deficiency or upon 24-h-long Fe excess. Consistent with expression analysis, the mitochondrial CsMTP7 protein level in cucumber roots was barely detectable under Fe deficiency but considerably increased under Fe excess (Figure 7a ), confirming that the Fe-induced increase in the sCsMTP7 transcript level led to the increased synthesis of mitochondrial CsMTP7 protein. Similar to CsMTP7, the mitochondrial ferritin level was markedly reduced in Fe-deficient and control plants, whereas it was highly abundant in the mitochondria of plants grown in Fe excess (Figure 7b) . Consistent with the protein content analysis, the transcript of gene encoding ferritin was reduced under Fe deficiency and markedly increased upon Fe excess (Table S1 ), confirming the previous findings revealing that Fe affects mitochondrial ferritin activity in cucumber roots at the transcriptional level (Vigani et al., 2013) . Similarly to CsMTP7 and ferritin, the root mitochondrial Fe content markedly increased (approximately six-fold) upon Fe excess and dramatically decreased in Fe-deficient plants (Figure 7c ). These results suggested that CsMTP7 and ferritin levels are increased under elevated Fe to enhance Fe accumulation in the mitochondria of cucumber root cells.
Effect of different Fe availability on the expression of genes involved in Fe accumulation in cucumber roots
In order to determine how limiting Fe conditions or Fe excess affect other genes related with Fe accumulation in cucumber roots, we analyzed the expression of genes encoding proteins involved in Fe uptake into the cell (IRT1 and FRO2) or Fe transport into the mitochondria (MIT1 and MIT2), plastids (PIC1) and vacuole (VIT1 and ferroportin IREG2/FPN2) under different Fe availability. Real-time expression analysis showed that the mRNAs of cucumber IRT1, FRO2, MIT1, MIT2, PIC1 and IREG/FPN were significantly elevated only under Fe deficiency, whereas the transcript of VIT1 was not affected by Fe availability (Table S1 ). Hence, contrary to CsMTP7 and ferritin, the other proteins involved in the cellular Fe accumulation are differentially affected by Fe. 
DISCUSSION
The initial phylogenetic analysis of CDF proteins from different organisms classified the majority of members of this family into three main groups -Zn-CDF, Fe/Zn-CDF and Mn-CDF -based on the hypothesized or confirmed metal specificity of one or more group members. All plant MTPs were classified into these three groups except MTP7-like proteins, which formed an orphaned, ungrouped branch, with unknown metal preference designated as the ZnT9-like cluster . A more detailed phylogenetic analysis of the plant CDF family members classified MTP7 proteins in the Fe/Zn group containing the MTP6 proteins, suggesting that both groups contribute in Fe and Zn homeostasis (Gustin et al., 2011) . Based on this analysis, the plant Fe/Zn-CDF group has been divided into two separate groups, namely group 6, containing MTP6 proteins homologous to the already characterized Fe/Zn transporters from bacteria and yeast, and group 7, encompassing MTP7 proteins homologous to the CDFs of unknown function (Gustin et al., 2011) . In order to gain an insight into the function of MTP7 proteins in plants, we analyzed the cellular localization and function of cucumber MTP7 protein.
The CDF proteins so far characterized in plants localize to the tonoplast (MTP1, MTP3, MTP4 and MTP8) (Delhaize et al., 2003; Desbrosses-Fonrouge et al., 2005; Arrivault et al., 2006; Migocka et al., 2014 Migocka et al., , 2015a , the Golgi/prevacuolar system (MTP11, MTP8, MTP5 and MTP12) (Delhaize et al., 2007; Peiter et al., 2007; Pedas et al., 2014) or the plasma membrane (MTP9) (Migocka et al., 2015b; Ueno et al., 2015) and contribute to the efflux of a wide range of heavy metals, including Zn, Cd and Mn, out of the cytoplasm. CsMTP7 localizes to the mitochondria of plant and yeast cells, consistent with the presence of the putative mitochondrial targeting sequence within the N-terminal domain of the cucumber protein. When expressed in yeast, protein) AE standard deviation of three separate experiments (**P < 0.01, Student's t-test). (c) Western blot analysis of the CsMTP7 and c-GDO content in the mitochondrial and cytosolic fractions, respectively, of protoplasts expressing c-GDO-FLAG alone or c-GDO-FLAG and CsMTP7-GFP. (d) c-GDO activity in the protoplasts expressing c-GDO-FLAG alone or c-GDO-FLAG and CsMTP7-GFP. GDO activity is expressed as nanomoles of substrate converted per minute per mg of protein. The data are expressed as the mean specific activity AE standard deviation of three separate experiments (*P < 0.05, Student's t-test).
CsMTP7 complemented the growth defect of yeast mutants with impaired Fe transport into the vacuole, through reduction of the cytosolic Fe level and a substantial increase in the mitochondrial Fe content, indicating that CsMTP7 functions in the loading of Fe into the mitochondria of yeast cells. Hence, contrary to so far plant MTPs characterized which have been shown to catalyze heavy metal efflux, CsMTP7 contributes to heavy metal (Fe) influx into the mitochondrial matrix. Interestingly, the yeast mitochondrial ScMMT1 and ScMMT2 proteins, belonging to the group 6 of Fe/Zn-CDFs, transport Fe in the opposite direction (Gustin et al., 2011; Li et al., 2014) , which suggests that the members of groups 6 (MTP6) and 7 (MTP7) of the Fe/Zn-CDFs have different physiological functions. The structural differences of the members of Fe/Zn-CDFs seem to confirm this hypothesis. The best characterized Fe/Zn transporters YiiP from E. coli and ScMMT1 and ScMMT2 from S. cerevisiae have six putative TMHs and the two DD-HD or HD-HD motifs, respectively, in the TMH II and TMH V, that are involved in metal binding and/or transport Cubillas et al., 2014) . Similarly, the initial structural analysis of the ScMMT1/2 ortholog in cucumber CsMTP6 also revealed the presence of six putative TMHs and the HD-HD motif ( Figures S1 and S5 ). In contrast, most of the topology prediction tools reveal five putative TMHs in CsMTP7, suggesting that the N-termini and some hydrophilic loops of CsMTP6 and CsMTP7 localize on the opposite sides of the mitochondrial inner membrane (Figures 1b and S5 ). In addition, the motifs involved in metal binding and/or transport are quite different in CsMTP7 (HSVAD-EDGAA motif) when compared with CsMTP6 (the HSVSD-HHRAD motif), ScMMT1/2 (HAISD-HHRVD) and YiiP (DSLVD-HYQSD) ( Figure S1 ) (Cubillas et al., 2014) . These structural and topological differences could affect the direction of Fe transport through CsMTP7. Moreover, the DD-HD motif in bacterial Fe/Zn-CDF transporter YiiP have been shown to be involved not only in metal (aspartate residues) but also in proton (histidine residue) transport (Gupta et al., 2014) . Hence, the sequence variations of this motif can affect not only metal selectivity but also the mechanism of Me 2+ /H + transport. As the expression of CsMTP7 did not affect the phenotype of yeast sensitive to other heavy metals and did not result in the increased concentrations of either Cd, Co, Zn, or Mn in the mitochondria, we may hypothesize that CsMTP7 is highly specific for Fe. However, by analogy to bacterial YiiP protein, we may suggest that the highly conservative Glu residue in the EDGAA motif of CsMTP7 can be involved in proton movement during the CsMTP7-mediated Fe transport. In the putative topology model of CsMTP7, both conservative motifs localize close to the surface of the mitochondrial inner membrane facing intramembrane space, suggesting that they may bind Fe 2+ and protons at the acidic side of the internal membrane and transfer them via the symport mechanism into the mitochondrial matrix. This hypothesis is in agreement with the data identifying glutamate as a key residue that undergoes reversible protonation during the transport of H + via different protein symporters (Grewer et al., 2003; Doki et al., 2013; Newstead, 2015) , but it requires experimental confirmation. CsMTP7 expression in protoplasts prepared from A. thaliana cells resulted in a decrease in cytosolic Fe and an increase in mitochondrial Fe accumulation, indicating that cucumber protein contributes in the mitochondrial Fe import also in plant cells. The mitochondrial iron importer (MIT) homologous to the yeast mitochondrial carriers Mrs3/Mrs4 have already been identified in rice (Bashir et al., 2011) . OsMIT complemented the low-Fe-sensitive phenotype of Dmrs3Dmrs4 yeast mutant, indicating a high affinity of the rice permease for Fe (Bashir et al., 2011) . In contrast, although CsMTP7 localizes to the mitochondria of yeast cells, it was not able to restore growth of the Dmrs3Dmrs4 strain on low-Fe medium, but it complemented the high Fe-sensitive phenotype of the Dccc1 strain lacking the vacuolar Fe transporter Ccc1. We assume that the inability or ability of CsMTP7 to complement low-Fesensitive Dmrs3Dmrs4 strain or the high Fe-sensitive phenotype of Dccc1 strain, respectively, resulted from the significant differences in the cytosolic Fe concentrations in both mutants. It has been shown that the CCC1 gene was activated in Dmrs3Dmrs4 strain (Li and Kaplan, 2004) . As a result, the vacuolar Fe accumulation in yeast was increased when MRS3 and MRS4 genes are deleted. Hence, when Dmrs3Dmrs4 strain is grown in low-Fe medium, the cytosolic Fe is decreased due to both, the low external Fe and the increased transport of iron into the vacuole. The opposite situation occurs in Dccc1 cells grown in high Fe medium: the cytosolic Fe is significantly increased in this strain due to high external Fe and due to the markedly decreased transportation of Fe into the vacuole . Therefore, we believe that CsMTP7 display low affinity to the transported metal -Fe and thus, is activated by the high intracellular Fe concentrations. Similarly, all the other so far characterized plant MTP proteins (MTP1, MTP4, MTP8 and MTP9) also display low affinity to their metal substrates (Kawachi et al., 2008; Migocka et al., 2014 Migocka et al., , 2015a , suggesting that the function of plant MTPs is related to the transport of surplus metals from the cytosol into the other compartments for cellular detoxification or the storage of essential metals, such as Zn and Fe.
Interestingly, the rescue of the high Fe-sensitive Dccc1 phenotype by the CsMTP7-mediated increased transport of Fe into the mitochondria indicated that yeast mitochondria are capable of the accumulation and storing of elevated Fe concentrations in a non-harmful form. This hypothesis is supported by three lines of evidence. First, the low-Fe-sensitive phenotype of Dmrs3Dmrs4 strain is easily reversed following Fe supplementation, indicating that other (yet unidentified) low-affinity Fe uptake systems are present in the mitochondrial membrane that cannot fulfil the demand for mitochondrial Fe under Fe deficiency (M€ uhlenhoff et al., 2003; Froschauer et al., 2009) . Second, it has been shown that yeast mitochondrial frataxin (Yfh1p) monomers can self-assemble in vitro in an Fe(II)-dependent manner to yield macromolecular ferritin-like complexes with physical features consistent with a role in Fe storage (Gakh et al., 2002) . These complexes may contain up to 2400 iron atoms (Adamec et al., 2000; Gakh et al., 2002) . Hence, it is assumed that frataxin is involved not only in Fe-S cluster biogenesis, but also in the accumulation/detoxification of surplus Fe in the mitochondria (Gakh et al., 2006 (Gakh et al., , 2008 (Bashir et al., 2011) , suggesting that OsMIT is involved in the increased accumulation of Fe in mitochondria under Fe excess. Using a homology search we identified two genes that encoded OsMIT homologs in cucumber genome: the LOC101210464 encoding XP_004148606 protein (CsMIT1), and the LOC101215924 encoding XP_004143170 protein (CsMIT2). Contrary to OsMIT, the root levels of CsMIT1 and CsMIT2 transcripts in cucumber were significantly increased by Fe deficiency and not by Fe excess, suggesting that the function of cucumber MITs may be related with the mitochondrial Fe import under Fe-limiting conditions. Similarly, the expression of yeast mitoferrin MRS4 has also been increased under Fe deficiency (Courel et al., 2005) . The expression of other genes involved in Fe uptake and accumulation in cucumber roots was also higher only upon Fe deficiency (CsIRT1, CsFRO2, CsIREG2/CsFNP2, CsPIC1/CsTIC21) or was not affected by Fe availability (CsVIT1), suggesting that the accumulation of Fe in the plastids or vacuole is not altered immediately following Fe supplementation. Similarly, the levels of Arabidopsis AtIRT1 (Eide et al., 1996; Vert et al., 2002) , AtFRO2 (Robinson et al., 1999) and AtIREG2 (Schaaf et al., 2006) transcripts were strongly elevated under Fe starvation, whereas the expression of AtPIC1 was constitutive and independent of Fe availability (Duy et al., 2007) . The different effects of Fe availability on the expression of rice and cucumber MITs or Arabidopsis and cucumber PICs could be related with different experimental conditions or different responses of various plant species to Fe starvation. However, an increase in the cucumber MITs expression under Fe deficiency suggests that similarly to yeast MRS3/4, cucumber mitoferrins are high-affinity Fe importers.
In contrast with CsMITs, the levels of root sCsMTP7 and ferritin transcripts as well as the root mitochondrial CsMTP7 and ferritin proteins were highly abundant in cucumbers grown in Fe excess but were barely detectable or reduced in the mitochondria of plants grown under control conditions or Fe deficiency, respectively. Interestingly, the non-coding transcript lCsMTP7 was constitutively highly abundant in different cucumber organs, including roots, regardless Fe availability. These findings suggested that higher levels of Fe could mediate splicing and processing of the lCsMTP7 transcript into the protein-coding sCsMTP7 species and thus rapidly modulate CsMTP7 activity at the post-transcriptional level. Similarly, the regulatory response of human ferritin to Fe is also largely posttranscriptional and occurs through recruitment of the inactive cytoplasmic pool of mRNA to polyribosomes in the presence of Fe (Rogers and Munro, 1987) . This process is mediated by the interaction between RNA binding proteins and the iron-responsive elements (IRE) in the 5 0 untranslated region of ferritin mRNA. The functional IRE sequences have also been identified in the genes encoding other proteins involved in human Fe metabolism, including the transferrin receptor, the enzymes catalyzing heme biosynthesis, the mitochondrial aconitase and the Fe transporter DMT-1 (Sheth and Brittenham, 2000) . Hence, the cellular response to Fe excess includes rapid post-transcriptional changes of the activity of a range of proteins involved in Fe transport and metabolism. It has been shown that Fe also controls plant ferritin protein accumulation at the post-transcriptional level , however, the regulatory pathways of Fe metabolism in plant cells remain to be elucidated.
In addition to CsMTP7 and ferritin, the level of Fe in the root mitochondria was significantly increased under Fe excess and reduced upon Fe depletion, suggesting that both proteins contribute to the increased Fe storage in root mitochondria under Fe excess. The mitochondrial ferritins in Arabidopsis and cucumber have already been shown to be significantly increased in response to Fe (Tarantino et al., 2010; Vigani et al., 2013) . The recent identification of the ferritin 24-mer complex in the mitochondria of cucumber roots supported the idea that mitochondrial ferritin can help to store Fe in plant roots (Vigani et al., 2013) . These results indicated that, similar to plastids and vacuole, plant mitochondria also developed a high capacity for Fe storage. Such an increased accumulation of Fe can be associated with a high demand of mitochondria for Fe and with the function of mitochondria as an important source of Fe for the cellular metabolism. The support for this hypothesis is provided by the identification of proteins involved in Fe export from the mitochondria of plant cells. They include the half-molecule ABC protein AtAMT1 and AtATM3 from Arabidopsis that function in the Fe-S cluster export from mitochondrial matrix (Kushnir et al., 2001; Chen et al., 2007) , and the MTP6-like proteins homologous to the yeast mitochondrial Fe 2+ exporters ScMMT1 and ScMMT2 (Li et al., 2014) . Hence, Fe stored in the mitochondria can be used as an essential protein cofactor (Fe  2+ or Fe-S) required for numerous cellular processes. The ability to accumulate and remobilize Fe from different organelles, including mitochondria, could have evolved in plant cells in response to the common problem of low availability of Fe to plants. Reassuming, the obtained data suggest that, in cucumber roots, MIT transporters deliver Fe to mitochondria to sustain Fe-dependent metabolic pathways under sufficient Fe or Fe deficiency, whereas the MTP7 transporter participates in the active accumulation of excessive Fe in mitochondria for the potential mobilization of this essential metal under Fe deficiency. Genes encoding MTP7-like proteins have been identified in phylogenetically distant organisms, including Archaea, cyanobacteria, humans and plants, but not in yeast (Gustin et al., 2011) , suggesting that MTP7-mediated accumulation of Fe in the mitochondria may be conserved and are important in species expressing ferritin for mitochondrial Fe storage.
EXPERIMENTAL PROCEDURES Plant material and growth conditions
Cucumber (Cucumis sativus, cultivar Krak) plants were cultivated hydroponically for 2 weeks in the standard nutrition media described earlier , and were supplemented with 20 lM ZnSO 4 , 20 lM MnCl 2 , 10 lM CdCl 2 , 20 lM CoCl 2 , 20 lM NiCl 2 or 500 lM FeSO 4 -EDTA, or deprived of Fe (containing 100 lM Fe chelator bathophenanthroline disulfonate, BPS) or zinc (containing 50 lM zinc chelator N,N,N 0 ,N 0 -tetrakis-(2-pyridyl-methyl) ethylenediamine, TPEN). FeSO 4 -EDTA was used for excessive Fe supplementation, as this Fe chelate increases the availability of Fe in nutrient solutions and could be sterilized and stored for a long time in high concentrations without precipitation.
RNA extraction and real-time PCR
Total RNA was extracted from 100 mg of cucumber tissues using TRI Reagent (Sigma, https://www.sigmaaldrich.com) in accordance with manufacturer's instruction and reverse transcribed as described earlier (Migocka et al., 2015b) . Alternative splicing products of cucumber CsMTP7 gene were detected with two different forward primers: 5 0 primer 1 and 5 0 primer 2 and one 3 0 reverse primer ( Figure S2 and Table S2 ). Primers used for the amplification of ferritin were taken from Vigani et al. (2013) (Table S2 ). Primers for CsMIT1 and CsMIT2 (Table S2) were carefully designed to ensure gene specificity ( Figure S6 ). Primers for CsIRT1, CsFRO2, CsVIT1, CsIREG2/CsFPN2 and CsPIC1 (Table S2) were designed using the Lightcycler Probe Design Software 2.0 (Roche). The specificity of PCR products was confirmed by sequencing. Amplification reactions were performed in a Lightcycler 480 (Roche) as previously described (Migocka et al., 2015b) . Amplifications were normalized to the gene encoding clathrin adaptor complex subunit (CACS), and quantitation of gene expression was performed using the DDCT calculation. Details of experimental procedures and analysis have been described previously (Warzybok and Migocka, 2013) .
Cloning of CsMTP7
The sequences of primers used for amplification of the full CsMTP7 cDNA are provided in Table S2 . For expression in yeast, CsMTP7 cDNA was inserted into the SpeI-SalI sites of the yeast expression vector pUG35 (Table S3) to generate a C-terminal GFP fusion under the constitutive MET promoter. For expression in Arabidopsis protoplasts, CsMTP7 cDNA was ligated into XhoISpeI sites of the plant expression vector pA7-GFP (Voelker et al., 2006) to yield a C-terminal GFP fusion under the control of CaMV 35S promoter.
Western blot
The microsomes and highly purified tonoplast and plasma membrane fractions were isolated from cucumber roots essentially as described earlier . Crude mitochondrial pellet and the fraction enriched in plastids were prepared exactly as described previously (Vigani et al., 2013) . A specific antibody against a peptide corresponding to the loop connecting TMI and TMII of CsMTP7 (positions 231-244, C+SSRRAPDAIHPYGY; C, additional cysteine residue for linkage with keyhole limpet hemocyanin) (Figure 1 ) was synthesized by GeneScript (USA). Western blotting analysis was performed as described previously ) with a 1:1000 dilution of the antibody for CsMTP7 and a 1:5000 dilution of the antibodies for plasma membrane (PM) H + -ATPase (AS07 260), V-ATPase (AS07 213), COXII (AS04 053A), Toc75 (AS06 150) and ferritin (AS10 674), all purchased from Agrisera. Binding of anti-rabbit IgG antibody conjugated to horseradish peroxidase (diluted 1:20 000; AS09 602, Agrisera) was detected using the enhanced chemiluminescence system (ChemiDocTMMP Imaging System, Bio-Rad).
Yeast strains and media, fluorescence imaging
Saccharomyces cerevisiae strains and plasmids used in this study are listed in Table S3 . Yeast were routinely grown in yeast extract peptone dextrose (YPD) and synthetic complete (SC)/Glu medium described earlier (Migocka et al., 2015b) . For metal sensitivity tests, overnight cultures of yeast expressing CsMTP7 were diluted to the same OD600 (~0.1) and 5 ll of serial dilutions were plated on solid Fe-free SC/Glu-Ura medium supplemented with 100 lM Fe chelator bathophenanthroline disulfonate (BPS) or medium enriched in different heavy metals as indicated in the figures. Plates were incubated at 30°C for 4-6 days. For c-GDO assay, cells were grown overnight to mid-log phase in SC/GluUra-His medium and then for 8 h in medium supplemented with 100 lM FeSO 4 -EDTA. The mitochondrial localization of CsMTP7 in yeast was revealed using a fluorescence microscope (Axio Imager M1, Carl Zeiss) equipped with a 9100 oil immersion objective. For mitochondrial labelling, cells were incubated with 100 nM MitoTracker Red (Molecular Probes) for 15 min prior to fixation.
Cytosolic gentisate 1,2-dioxygenase assay
The GDO-FLAG fragment was amplified from the pRS426 vector using the primers listed in Table S2 and subcloned into the SpeISacI site of the yeast expression vector pHGpd or into the SalI site of the plant expression vector pA7-GFP (Table S3) . c-GDO presence in the yeast and protoplast extracts was confirmed by western blot analysis using the antibodies against FLAG (1:10 000; Sigma Aldrich). c-GDO activity was measured spectrophotometrically at 340 nm as described previously (Li et al., 2014) .
Transformation of Arabidopsis thaliana protoplasts and confocal imaging
The isolation and transformation of Arabidopsis thaliana protoplasts were performed essentially as described previously (Thomine et al., 2003) . GFP fluorescence was observed between 505 and 550 nm with excitation at 473 nm using a confocal microscope (Olympus FluoView FV1000, lens Olympus UPlanSApo 960/ 1.35 oil, filter: BF490-590). MitoTracker Red CMXRos (Molecular Probes) staining was detected with excitation at 543 (495-635 nm).
Cytosolic fraction and mitochondria preparation from Arabidopsis protoplasts
Two ml of transformed protoplasts were incubated with 100 lM FeSO 4 -EDTA for 12 h in the dark with slow flotation prior to preparation. Cytosolic fraction and mitochondria were prepared essentially as described previously (Nishimura et al., 1982) .
Mitochondria preparation from yeast cells
For the measurement of metal content in yeast mitochondria, yeast cells transformed with pUG35 plasmid carrying CsMTP7 or empty vector were grown for 48 h in a SC/Glu-Ura medium and then for 12 h in the same medium supplemented with 100 lM metals (FeSO 4 -EDTA, CdCl 2 , MnSO 4 , CoCl 2 , ZnSO 4 ). Crude mitochondrial fractions were prepared essentially as described previously (Gregg et al., 2009 ).
Determination of mitochondrial metal content
Mitochondria prepared from cucumber root cells, protoplasts or yeast cells were digested with concentrated HNO 3 at 160°C for 2 h. The metal content in mitochondria was measured by flame atomic absorption spectrometry (AAS).
Protein determination
Protein content of all the membrane fractions was determined using the Bradford assay (Bradford, 1976) .
Immunohistological staining
Tissue localization of CsMTP7 was assayed in the segments (2 mm) of the lateral roots (1-2 or 5-7 cm from the root tip) of cucumber plants. Immunohistological staining was carried out essentially as described earlier (Migocka et al., 2015b ) using a fluorescence microscope (Axio Imager M1, Carl Zeiss).
Bioinformatics and accession numbers
The predicted full coding sequence of CsMTP7 was obtained from GenBank as described previously (Migocka et al., 2014) . The genes encoding cucumber IRT1, FRO2, MIT1, MIT2, PIC1, IREG/ FPN and VIT1 were identified in cucumber genome by a homology search using the cDNAs for homologous genes from A. thaliana (Table S1 ). The putative CsMTP7 transmembrane domains were predicted using HMMTOP (Tusnady and Simon, 2001 ) and then visualized in TMRPres2.D (Spyropoulos et al., 2004) . Mitochondrial targeting peptide was identified using MitoProt II (Claros, 1995) and TargetP (Emanuelsson et al., 2007) . The nucleotide sequence of CsMTP7 has been submitted to GenBank under the accession number KX118273.
Statistical analysis
Tukey's test, Student's t-tests and analysis of variance (ANOVA) (Microsoft â Excel) were used for statistical analyses.
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